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The egg component in traditional cakes is one of the important factors that 
affect the consumer acceptance due to some health concerns, like allergy and 
high cholesterol level, or religious reason. Two groups of new recipes for 
eggless cakes were developed with pea protein isolate (PPI) and soybean 
protein isolate (SPI) as the main replacers. The structural properties of starches, 
gliadin and glutenin in the traditional and eggless cakes were studied in this 
project. It turned out that the conformations of these molecules in cakes with 
different recipes were varied from each other in mesoscale. The variations in 
the starches were not very obvious for cakes with different recipes but the 
presence of lecithin appeared to assist in forming new cross-linking 
architectures with ester bonds. Starches from control and recipes with lecithin 
(R4, R6, R10 and R12) were revealed distinctive absorbance at about 1743 
cm-1, which was associated with stretching vibration of carbonyl groups in 
esters. In all, more similarities to the control group were observed in the 
eggless cakes in R4 (PPI + 1%SL) and R6 (PPI + 0.1%XN + 1%SL) with 
respect to the structures of starch molecules.  
On the other hand, the recipe of R9 (SPI + 1%MDG) was found to mimic 
most of the structural properties of the glutens in the traditional cake. The 
gliadin aggregates were generally smaller in size, dominant in the range of 
100-200 nm. The relative secondary structure contents of glutenin showed no 
significant differences between R9 (SPI + 1%MDG) and control group, with 
about 50% β-sheets, 37% helical structures and a little random-coils. In terms 
of the morphology of glutenins, they both had thin layers at about 7 nm in 
height and networking structures with less but larger porosities. The close 
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relationship between the conformational attributes was also confirmed by 
principal component analysis (PCA). In addition, PCA also correlated some 
physicochemical and structural parameters together with the Pearson 
correlation. In all, the results suggested that eggless cakes with recipes of R4 
(PPI + 1%SL), R6 (PPI + 0.1%XN + 1%SL) and R9 (SPI + 1%MDG) are 
promising for replacing the traditional cakes and can be further optimised in 
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Cake is one of the most popular bakery products in the world, with a 
growing rate at 1.5% a year in the worldwide demand (Wilderjans, Luyts, 
Brijs, & Delcour, 2013). Originated from cereal products, cake serves as 
important energy source as well as nutrition provider in daily diet. Due to the 
special soft and chewable texture, it is a favoured dessert choice for both 
children and elder people, while whose diets are generally under stricter 
advices, for example, low fat. On the other hand, one of the crucial 
components in cake production, egg, especially egg yolk, is regarded as the 
important source of cholesterol. Overconsumption of cholesterol is used to be 
considered to induce or worsen cardiovascular diseases, diabetes and some 
other chronic diseases (Katan, Zock, & Weggemans, 2001). Although the 
cholesterol limit has been removed from the 2015-2020 Dietary Guidelines for 
Americans, the alteration of the consumers’ perception would take longer time. 
As a result, the concern of consuming cake with eggs will still take effect in 
the upcoming short period. Except for the high cholesterol content, allergy to 
eggs is also a reason stopping some consumers from traditional cakes. In 
addition, eggs are forbidden for some vegetarians due to their religious 
believes. Finally, from the view of manufacturers, the cost on eggs also 
contributes to approximately half of that of the total ingredients (Arozarena, 
Bertholo, Empis, Bunger, & Sousa, 2001). In short, the egg component has 
become a concerning factor that reduces the acceptance of consumers. 
1.1 Functionality of egg in bakery food 
With so many concerns involving the egg component, it is however of 
vital essence to the cake products in the aspects of nutrition as well as 
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functionality. Kiosseoglou and Paraskevopoulou (2014) have summarised 
some of these functions, including emulsifying, foaming formation, delivering 
water and conveying flavour and colour. Although the entire profile of egg 
composition has not been clear by now, the major functional components in 
baked food have been recognised as the proteins in egg white and the lipids in 
the yolk. The egg white contains more than 80% of water and about 10.6% of 
proteins (Kiosseoglou & Paraskevopoulou, 2014). Globulin and ovalbumin 
were demonstrated to have good gelling property and can aerate the batter 
during the mixing stage (Doir & Kitabatake, 1997). The basic lysozyme may 
assist the ovalbumin and take part in stabilising the foams by strengthening the 
films via electrostatic interactions (Arntfield & Bernatsky, 1993). Additionally, 
ovomucin appeared to be fibril structure and be responsible for the viscous and 
stable character (Mine, 2002). In short, the egg white proteins are heavily 
involved in the building up of the structure in bakery products.  
Egg yolk accounts for around 35% of liquid egg and the solid portion 
mainly consists of proteins (~16%) and lipids (~35%) (Mine, 2002). The 
majority of the protein, phosvitins, is incorporated into low-density lipoprotein 
(LDL) micelles and works as excellent surfactant by forming elastic films 
(Kiosseoglou & Sherman, 1983; Shenton, 1979). Besides, the lecithin, which 
is a kind of phospholipid, is also considered as an emulsifier in food 
production by assisting in the mixing of immiscible species and stabilising the 
foams (Wilderjans et al., 2013). 
To sum up, the egg component was found to be multifunctional in food 
system as well as in the preparation of cakes. Egg white is more responsible 
for the foaming capacity and stability in the batter while yolk is more involved 
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in the dispersion and stabilisation of fat. Thereby, some substituents can be 
developed to mimic the eggs in the cakes and they mainly contain 
hydrocolloids and emulsifiers. 
1.2 Food additives for mimicking egg functionalities  
Hydrocolloids of different origins are chemically polysaccharides with a 
large number of hydroxyl groups, which can hydrate at room temperature and 
thicken the food matrix (León et al., 2000). It is reported that the incorporation 
of xanthan gum or other hydrocolloids in cake can largely increase the 
viscosity and specific gravity of the batter as well as the moisture content of 
the final cake product (Gómez, Ronda, Caballero, Blanco, & Rosell, 2007; 
León et al., 2000). Also, the pore number and pore area fractions of the rice 
cakes were found to be influenced by addition of different gums. Cakes with 1% 
(w/w) of xanthan or κ-carrageenan added appear to possess more pores and 
lower pore area fraction in comparison with cakes without gums (Turabi, 
Sumnu, & Sahin, 2010). The possible mechanism may be that the 
enhancement of the viscosity slows down the gas diffusion rate and constrains 
the gas bubbles during the early stage of baking, thus resulting in more 
compacted and heavier batter (Gómez et al., 2007).  
There are two species of emulsifiers, namely protein and lipid, with 
different stabilising mechanisms. As the combination of these two species 
does not have a synergistic effect but brings out competition and interaction, it 
is often the case that more than one emulsifiers are included in the recipes 
(Sahi & Alava, 2003). Soybean protein is widely used in bakery products 
owing to its versatile role in food processing, for instance, emulsification, 
water absorption and colouration (Keerati-u-rai & Corredig, 2009; Petruccelli 
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& Anon, 1995). Similarly, pea protein isolate (PPI) is also an important 
ingredient in cereal food production. The major storage proteins in PPI are 
legumin (11S) and vicillin (7S) units, which also possess foaming and gelling 
properties (Koyoro & Powers, 1987; Shand, Ya, Pietrasik, & Wanasundara, 
2007). However, based on our previous research (Tay, 2014), egg replacers 
with soybean protein isolate (SPI) or PPI only tend to remarkably increase the 
viscosity and specific gravity of the batter. The viscous and heavy batter 
probably impedes the aeration and expanding of the foams, which leads to 
smaller and firmer cakes with stiffer crust.  
Another type of emulsifier is ester of fatty acids, for instance, glycerides, 
fatty acyl lactylate and phosphatides (Whitehurst & Wiley, 2004). The 
molecules contain a hydrophilic head with generally hydroxyl group or ionic 
group together with some hydrophobic tails with long aliphatic chains, which 
can be oriented to corresponding phases (Whitehurst & Wiley, 2004). Sahi and 
Alava (2003) have suggested that these lipid emulsifiers assist in 
emulsification by forming molecular films at the interface of the immiscible 
species (oil/water or air/water) and decrease the surface tension. Subsequently, 
the rheology and physicochemical properties of the batter and cake are 
affected as well. The addition of 0.25% to 1.50% (batter weight) of glyceryl 
monostearate (GMS) or polyglycerol ester (PGE) has been shown to enhance 
the viscous modulus and viscosity of the batter and the effect is larger with 
higher concentration (Sahi & Alava, 2003). As for phospholipid emulsifiers, 
they generally show higher surface activity than the non-ionic glycerol esters 
due to their higher hydrophilicity after hydrolysis and ionisation in aqueous 
phase (Whitehurst & Wiley, 2004). Similarly, the addition of lecithin 
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produced impacts on the rheology of the batter, like improving the gas holding 
capacity, foam stability and hence the specific volume (Orthoefer, 2008). 
Furthermore, works by Zhou, Faubion, and Walker (2011) have also revealed 
that combinations of these two types of commercial emulsifiers (lecithin, 
GMS and propylene glycol monostearate) have synergistic effects on reducing 
the specific gravity of batters and firmness of cakes, whereas improving the 
specific volume of final products.  
However, combination of protein and lipid emulsifiers does not work 
synergistically because the lipid emulsifiers may replace the protein in the 
interface and then weaken the stability of the film (Sahi & Alava, 2003). 
Purawave, for example, which is a commercial emulsifier containing soy 
protein, lecithin and mono/diglycerides, was reported to decrease the apparent 
viscosity of batter at various fat contents (0 to 37.5%) (Sakiyan, Sumnu, Sahin, 
& Bayram, 2004). 
1.3 Literature review on eggless cake formulation development 
With about ten-year study, variety of trails on eggless cakes production 
were attempted, and some of them are found to provide some certain similar 
properties to those of the conventional cakes (Kohrs, Herald, Aramouni, & 
Abughoush, 2010). Ashwini, Jyotsna, and Indrani (2009), Ratnayake, Geera, 
and Rybak (2012) and Shao, Lin, and Chen (2015) tried mixtures of different 
hydrocolloids and emulsifiers to replace the egg components and all yielded 
some combinations with some acceptable attributes. With a little modification 
based on the recipe of Ratnayake et al. (2012), our group has previously 
developed an egg substitute with soy protein isolate (SPI) or pea protein 
isolate (PPI), combined with xanthan gum and mono/diglycerides of fatty 
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acids (Tay, 2014). After certain physicochemical characterization of the 
eggless cakes, the firmness, specific gravity and specific volume of one SPI 
eggless cake was found to be similar to those of the traditional cakes. However, 
the chewiness and moisture content of the eggless cake with SPI replacer are 
lower than that of the traditional cakes while the viscosity is much higher. In 
order to better understand the mechanism of these property changes and 
optimism the recipes of eggless cake, the correlations between the 
physicochemical properties and the structures should be investigated.  
Currently, the majority of the research on the modification of bakery food 
recipes, like eggless breads or cakes (Ashwini et al., 2009; Kohrs et al., 2010; 
Rahmati & Mazaheri Tehrani, 2014a, 2014b; Ratnayake et al., 2012; Shao et 
al., 2015), fat-replaced cakes (Rodríguez‐García, Puig, Salvador, & Hernando, 
2012) and gluten-free rice muffin (Turabi et al., 2010), stop at the stage of 
characterisations of the physicochemical properties of the batter and cake.  
The changes on the physicochemical properties must be originated from 
the changes of the molecular structures. In cereal products, glutens, gliadin 
and glutenin, are of vital essence, since their unique traits of viscoelasticity 
make them the backbone of the structure (Wilderjans, Pareyt, Goesaert, Brijs, 
& Delcour, 2008). Since starch comprises about three-quarters of the flour 
weight and the gelatinisation network (Tharanathan & Tharanathan, 2001) also 
provides cake with its structure, their molecular alteration may play an 
important role to the final properties of cake as well. 
In order to investigate the structural changes of the macromolecules, 
Fourier transform infrared (FTIR) spectroscopy and atomic force microscopy 
(AFM) are mainly adopted in this study. FTIR spectroscopy is based on the 
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detection and analysis of the absorptions in IR region derived from the 
vibrational motion of the molecules. For protein samples, the five special 
amide region, especially amide I, can reflect more detailed information, like 
secondary structures of the protein after deconvolution. Works by Saguer, Fort, 
Alvarez, Sedman, and Ismail (2008) have adopted FTIR spectroscopy to 
investigate the structure and texture of porcine plasma proteins. Research by 
Bu et al. (2015) applied FTIR for analysing the structure of glycated soybean 
proteins. It has also been used to study the effect of frozen storage on the 
conformational properties of gluten and its subunits fractions of wheat flour 
(Wang & Chen, et al., 2014; Wang & Xu, et al., 2014). However, most of 
these structural analyses correlate the structures of the specific proteins with 
the physicochemical properties of themselves, rather than the bulk properties 
of the final product, which is actually a matrix of various components. 
Therefore, this research tries to extract the major components and determine 
their conformational properties with FTIR. With its advantages of informative 
and non-destructive features (Sun, 2009), correlations between some structural 
and physicochemical properties could be obtained. 
Compared with FTIR, AFM is a relatively new member in food analysis. 
It is a non-destructive imaging technique in analytical chemistry, which can 
directly image the surface morphology of a wide range of samples at 
nanoscale. Without vacuum condition and complicated sample pre-treatment, 
AFM is regarded as a convenient analytical approach (Yang, 2014). Plus, 
protein samples may be damaged and produce artefacts when they were 
subjected to the preparation processes, like vacuum, chemical fixation and 
freeze fracture (Bock & Damodaran, 2013), therefore the gentle and non-
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destructive advantage makes AFM a more desirable analytical method for 
determining their conformation. By now, characterizations of a number of 
food component samples, including pectin, gelatin and starch, have been 
achieved in other researches (An et al., 2011; An, Yang, Liu & Zhang, 2008; 
Chong, Lai, & Yang, 2015; Du, An, Liu, Yang, & Wei, 2014; Feng, Bansal, & 
Yang, 2016; Feng, Ng, Mikš-Krajnik & Yang, 2016; Posé, Kirby, Mercado, 
Morris, & Quesada, 2012). Likewise, the past research mainly focuses on the 
specific component instead of the overall properties and thus the proteins were 
extracted for individual investigations. 
In order to better understanding the relationship between the components’ 
structures and physicochemical properties of the batter and cake, principal 
component analysis (PCA) and Pearson correlation were carried out to assist 
in exploring the possible relationships. 
1.4 Hypothesis, Rationale and Significance 
Glutens have been demonstrated to play an essential role in the 
preparation of cereal products. Past studies have proposed some theoretical 
models for the molecular reactions during the production of bread, pasta and 
other bakery food, which are all involving the interaction between the two 
gluten, gliadin and glutenin (Delcour et al., 2012). A widely accepted 
mechanism from Schofield, Bottomley, Timms, and Booth (1983) proposed 
that the gluten fractions undergo gliadin-glutenin crosslinking through 
sulfhydryl oxidation and sulfhydryl-disulphide interchange upon hydrothermal 
treatment during processing. Although these reactions were more observed 
and intensively studied in pure gluten processing and bread making, 
Wilderjans et al. (2008) and Wilderjans, Luyts, Goesaert, Brijs, and Delcour 
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(2010) have provided evidence on the gluten function of retaining the 
construction and improving the uniformity the cell distribution. Thereby, it 
was reasonable to hypothesise that the physicochemical attribute changes of 
cakes with different ingredients were mainly owing to the alterations of the 
molecular structures of and the resulting interaction between the subunits. 
These conformational changes then further affect the rheology of the 
individual components and the final product quality. 
Although intensive efforts have been spent on understanding the 
molecular interactions in gluten processing (Kieffer, Schurer, Köhler, & 
Wieser, 2007; Lagrain, Thewissen, Brijs, & Delcour, 2007, 2008; Rombouts, 
Lagrain, Brijs, & Delcour, 2010) and rheology changes under different 
conditions (Stathopoulos, Tsiami, Dobraszczyk, & Schofield, 2006; Xu, Bietz, 
& Carriere, 2007), the impacts of these mesoscale properties on the final food 
products when mixing with other ingredients are less studied. Plus, as is 
mentioned before, the development of recipes for cakes for special needs 
emphasised more on the rheological property changes of the component 
proteins or/and the bulk quality of the bakery products, but gain less insight 
into the mechanisms of the alterations and the responding structural changes. 
In a word, there existed some research gaps in this topic, the structural 
changes of glutens upon adding egg replacers and their influences on the 
overall product quality.  
Hence, the objectives of this project are: 
a) To investigate the influences of PPI, SPI, XN, MDG and SL on the 
structures of starches, gliadin and glutenins; 
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b) To examine the correlations between the macromolecular 
conformations and final product quality; 
c) To elucidate the mechanisms upon addition of different ingredients in 
eggless cakes. 
2. Materials and Methods 
2.1 Materials 
The yellow cake recipe in our previous study (Tay, 2014) was adopted in 
this research. Cake flour, milk, eggs, baking powder, canola oil and sugar 
were obtained from the local supermarket (FairPrice, Singapore). The soybean 
protein isolates (SPI) (SUPRO 120®) and xanthan gum (XN) (Grindstead® 
BakFH) were provided by Danisco (S) Pte Ltd (Singapore, Singapore). 
Mono/diglycerides (MDG) (Emulpals 110®) and modified corn starch were 
obtained from palsgaard Asia Pacific Pte Ltd (Singapore, Singapore) and 
Ingredion Singapore Pte Ltd (Singapore, Singapore), respectively. The 
chemical reagents used in this project were all of analytical grade. Sodium 
chloride, sodium hydroxide, hexane and ethanol were obtained from VWR 
International Ltd. Dithiothreitol and n-propanol were provided by Bio-Rad 
Laboratories, Inc. and TCI Co. Ltd., respectively. 
2.2 Methods 
2.2.1 Cake preparation 
Wheat flour (27.88% w/w of total batter weight), baking powder (0.84%), 
sugar (32.26%), canola oil (8.36%), milk (16.73%) and whole egg or egg 
replacer (13.92%) were used for cake preparation. The composition of the 
replacers was tabulated below (Table 1). The ingredients were thoroughly 
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mixed in a big bowl with an automatic mixer (KitchenAid, St Joseph, MI, 
USA) at speed 6 for 4 min. Finally, three portions of 80 g of batter were 
transferred to three baking tins and baked in a convection oven (Fabricant 
Eurfours, Gommegnies, France) at 180°C for 30 min.  
Table 1. Recipes of egg replacers (%). 
Recipe XN MDG SL Corn starch 
PPI base (3.48)  
R1 - - - 1.11 
R2 0.1 - - 1.01 
R3 - 1 - 0.11 
R4 - - 1 0.11 
R5 0.1 1 - 0.01 
R6 0.1 - 1 0.01 
SPI base (3.3) 
R7 - - - 1.29 
R8 0.1 - - 1.19 
R9 - 1 - 0.29 
R10 - - 1 0.29 
R11 0.1 1 - 0.19 
R12 0.1 - 1 0.19 
* PPI: pea protein isolate; SPI: soy protein isolate; XN: xanthan gum; MDG: 
mono/diglycerides; SL: soy lecithin. 
2.2.2 Defatting of cake samples 
Cake samples were cut into small pieces and freeze-dried after removing 
the crust parts. The dry crumbs (10 g) were ground in a mill and then soaked 
in 100 ml of hexane for 1 h. After draining the hexane solution, the extraction 
process was repeated for another two times. The samples were then dried 
under a stream of nitrogen (Wilderjans et al., 2008). 
2.2.3 Extraction of starch 
The defatted sample was soaked in 50 ml of 70% ethanol at 80°C water 
bath for 18 h. After draining the steep liquor, 10 ml of distilled water was 
added in for grinding the sample. The residue after filtration through 100 
Mesh sieve was washed with 80 ml of water and then the throughs were re-
sieved. The obtained throughs were screened with 200 Mesh sieve followed 
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with centrifugation at 3,000 g. Subsequently, 40 ml of 0.5 M NaOH solution 
was added with stirring for 20 min and then centrifuged. The sediment was 
extracted with 40 ml of H2O/toluene (4:1) mixture. The water layer was 
collected and centrifuged to obtain the starch isolate (Xie et al., 2008). 
2.2.4 Extraction of protein 
The gluten fractions were separated based on the Osborne approach 
(Lookhart & Bean, 1995). The defatted samples (2 g) were mixed with 10 ml 
of deionised water and then 10 ml of 0.5 M NaCl aqueous solution for 30 min 
to remove sugar, starch, albumin and globulin. The two purification processes 
were both repeated two times and kept at 4°C with 1 min vortex every 10 min. 
After the suspension was subjected to centrifugation at 7,000 g for 5 min, the 
residue was rinsed with deionised water. The pellet was then treated with 10 
ml of 70% ethanol for 30 min at 4°C for two times. The supernatants obtained 
after centrifugations were the gliadin fraction. Subsequently, 5 ml of 
dithiothreitol (1%) and n-propanol (50%) mixture solution was added to the 
residue at 4°C. The glutenin subunit was obtained by centrifuging the 
suspension after 30 min extraction.  
2.2.5 Wide angle powder X-ray diffraction (XRD) determination  
The freeze-dried crumb samples were ground thoroughly and transferred 
to a 20 mm sample holder. After tightly packing the sample powder, the 
diffractograms were collected with a Siemens D5005 diffractometer (Bruker 
AXS, Karlsruhe, Germany) equipped with a copper tube operating at 40 kV 
and 40 mA. The recording 2θ range was 7-30° with a step size of 0.01° and a 
measurement time of 1 s per 2θ intervals (Primo-Martín, van Nieuwenhuijzen, 
Hamer, & van Vliet, 2007). After baseline subtracted and Kα2 peak stripped, 
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the integrated areas were measured with DIFFRAC plus EVA 10.0.1.0 
(Bruker AXS, Karlsruhe, Germany). Relative crystallinity was calculated with 
the following equation (Miao, Jiang, Zhang, Jin, & Mu, 2011):  
XC = Ac / (Ac + Aa ) , 
where XC was the relative crystallinity, Ac and Aa were the integrated areas of 
crystalline and amorphous regions.  
2.2.6 Fourier transform infrared (FTIR) analysis of starch and gluten 
The isolated dry starch or gluten subunits sample (about 2 mg) was mixed 
thoroughly with 200 mg of KBr (Merck KGaA, Damstadt, Germany) and 
ground into powder. The KBr powder was dried in 100°C oven for at least 24 
h before measurement so as to remove the moisture. After applying force to 
prepare KBr disc, the spectrum was collected with a Spectrum One FTIR 
spectrometer (PerkinElmer, Waltham, MA, USA) at 4 cm-1 resolution for 32 
scans in the range of 4000-450 cm-1. At least three KBr pellets were prepared 
for each sample.  
2.2.6.1 Analysis of FTIR spectra of starch 
Spectra of the starch samples were analysed with Omnic software 8.2 
(Thermo Fisher Scientific Inc., Waltham, MA, USA). After baseline 
correction and normalisation, the peak positions were recorded and assigned. 
Fourier self-deconvolution was also applied to the range of 1100 to 950 cm-1 
in each spectrum with a bandwidth of 30 cm-1 and an enhancement factor of 
1.5 according to Liu’s study (2014). The ratio of the absorbance intensities at 
1047 and 1022 cm-1 was then obtained from the deconvoluted spectra.  
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2.2.6.2 Analysis of FTIR spectra of gluten 
The positions of the amide bands (amide I, II, III, A, V) were determined 
and assigned after pre-processing on the spectra of gliadin and glutenins. The 
amide I band at the range of 1700-1600 cm-1 was further studied by 
deconvolution for glutenins. The bandwidth was set at 30 cm-1 and the 
enhancement factor was 1.3. The deconvoluted spectra were subsequently 
fitted using Gaussian peak fit function in the OriginPro 9.0 software 
(OriginLab, Northampton, MA, USA) based on the research of Byler and Susi 
(1986). The iteration was performed with Levenberg-Marquardt algorithm 
until the fit converged and the adjusted R2 value of each curve was greater 
than 0.99 so that a high-quality fitting could be guaranteed. The relative 
percentages of the secondary structure components were acquired from the 
relative integrated areas of the corresponding fitted peaks. 
Considering the drawback that the amide I bands were easier interfered by 
the water vibration absorbance and the composition peaks were heavily 
overlapped, the amide III regions were also analysed for providing 
complementary information. Since it was revealed that the spectra needed 
further resolution improvement after Fourier self-deconvolution, the second 
derivatives were directly conducted in this region with eleven-point, two-
degree polynomial function. The derivative spectra were then multiplied by -1 
to inverse the peaks. Finally, the OriginPro 9.0 software was used to locate the 
peaks and calculate the integrated areas. 
2.2.7 Morphology analysis of gliadin and glutenins 
The extracted gliadin and glutenin solutions were diluted to 0.1 mg/mL 
with 70% aqueous ethanol solution and 50% n-propanol, respectively. The 
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diluted solution (10 μL) was then dropped onto a freshly exfoliated mica sheet 
and dispersed with the help of a blower. After drying the room temperature, 
the structural characterisation of protein fraction was conducted using TT-
AFM (AFM workshop, Signal Hill, CA, USA). The AFM was equipped with 
an AppNano ACLA-10 probe (Applied NanoStructures, Mountain View, CA, 
USA) with resonance frequency at 145-230 kHz and force constant of 36-90 
N/m. 
The qualitative and quantitative analyses of the images were carried out 
with the AFM offline software, Gwyddion (http://gwyddion.net) based on at 
least 20 images for each sample. As for gliadin, the diameters of the spherical 
aggregates were measured and categorised into several range groups. The 
relative percentages of each size range were calculated. In terms of the images 
of glutenin, the thickness of the thin layers and the networking structures (pore 
size distribution, pore number and pore area in 25 μm2) were recorded for each 
group. 
2.2.8 Statistical analysis 
The quantitative results were expressed as mean ± standard deviation. 
ANOVA (P < 0.05) and Duncan’s multiple range test were employed to verify 
the significant differences among the groups using IBM SPSS Statistics 21.0 
(IBM Corp., Chicago, IL, USA). The data were also standardised and then 
subjected to Principal Component Analysis (PCA) for categorisation of all the 
cake samples based on the scores of the extracted principal components. The 
representing information of each principal component was summarised by 
interpreting the loadings of the attributes. Pearson correlation was also applied 
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to the structural and physicochemical parameters for determining the possible 
relationships with IBM SPSS Statistics 21.0. 
3. Structural changes in eggless cakes with PPI 
3.1 Structural changes of starch 
3.1.1 Powder X-ray diffraction determination 
The powder X-ray diffraction determination was adopted for 
understanding the ordering of starch molecules and the relative crystallinities 
are displayed in Table 2. Among all the diffractograms (Fig. 1), there is only 
one broad peak at 2θ angle of about 20° (equivalent to d spacing of 4.4 Å), 
referring to the crystalline V-type amylose-lipid complexes (Eliasson, 1997; 
Primo-Martín et al., 2007). The absence of the other patterns (2θ angles of 15°, 
17°, 18° and 23°) in comparison with native starch samples was also observed 
in previous research (Primo-Martín et al., 2007). It was attributed to the 
swelling and gelatinisation process of amylose upon mixing and heating in the 
presence of water (Hesso et al., 2015; Zobel, 1988).  
According to the XRD results, the relative crystallinity of all the groups 
appeared to be as low as approximately 20-30% and the differences were 
subtle. Previous work suggested that the relative crystallinity measured by 
powder XRD could be dependent on the amount and size of crystalline regions 
together with the packing properties of the double helices in these domains 
(Miao, Zhang, & Jiang, 2009; Srichuwong & Jane, 2007). In this study, 
slightly lower relative crystallinity was found in starches in the traditional 
cakes, which agreed with other’s research (Gavilighi, Azizi, Barzegar, & 
Ameri, 2006). It may be somehow related to the moisture content (the 
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moisture content of traditional cake possesses was the highest among all the 
examined cakes based on our previous results). A relatively more available 
mobile water molecules might aid in the retrogradation of starch upon cooling 
the cakes.  
 
Fig. 1 XRD diffractograms of wheat flour, traditional cake and eggless cakes 
with PPI replacers. (PPI: pea protein isolate; XN: xanthan gum; MDG: 
mono/diglycerides; SL: soy lecithin.) 
 
3.1.2 FTIR analysis 
FTIR spectroscopy was regarded as an informative tool for analysing the 
structural change of starch at a molecular level (Pinto et al., 2015) and as a 
result, the FTIR spectra of the extracted starch were collected and plotted in 
Fig. 2. The peaks were assigned according to the previous study (Kizil, 
Irudayaraj, & Seetharaman, 2002; Sivam, Sun-Waterhouse, Perera, & 
Waterhouse, 2013). The peak positions appeared to be similar among all the 
groups, which implied that the skeletal conformations of the starch molecules 
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were not influenced significantly upon the replacement of egg components 
with these six recipes. The spectra mainly differed in the relative intensities of 
the peaks. 
The relative intensity of the O-H band at about 3434 cm-1 by comparing 
with the intensities of other peaks in one single spectrum could reflect the 
amount of inter- and intra-molecular hydroxyl groups in a starch sample (Ji et 
al., 2015). It was also reported that the increment of the peak intensity of the 
anhydroglucose ring C-O stretching vibration (1021, 1083 and 1156 cm-1) 
could be attributed to an enhancement of the hydrogen bonds between the 
starch chains (Ji et al., 2015). As a result, the FTIR spectra indicated a 
significant decrease in the inter-chain hydrogen bond in starch molecules from 
eggless cakes. The possible reason could be that the hydroxyl groups, which 
should have oriented towards between the chains, were involved in the 
hydrogen bonding with the embedded additive molecules, like XN, MDG and 
PPI. When both XN and MDG were added, however, they may form larger 
complex before embedding into the starch chains and thus less affect the 
hydrogen bonds. This might be used to explain the unexpected high 
absorbance of C-O stretching vibration in R5 (PPI+XN+MDG) spectra.  
In addition, compared with the control group, a new peak at about 1743 
cm-1 was found in the FTIR spectra of starch from eggless cakes with PPI 
replacers, except the two groups with 1% soy lecithin (R4 and R6) (Fig. 2). 
This peak was associated with the stretching vibration of the C=O bond in 
methyl esters and it may indicate the formation of new cross-linking structures 
with ester bonds (Liu et al., 2014; Sivam et al., 2013). Also, its appearance 
coincided with a sharp shoulder at about 2855 cm-1, which is characterised as 
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the absorbance frequency for C-H stretching vibration (Capron, Robert, 
Colonna, Brogly, & Planchot, 2007). The absence of this carbonyl group in the 
control, R4 and R6 group can be attributed to the presence of lecithin species, 
either from the egg yolk (control) or from the added soy lecithin (R4, R6). The 
slightly charged choline group on lecithin species may compete with the 
hydroxyl group on starch for the carboxylic group from protein or other 
components. Meanwhile, the aliphatic chains can somewhat disturb the other 
hydrophilic groups, increase the spacial distance and hinder the formation of 
esters. In contrast, the addition of xanthan gum turned out to bring an opposite 
effect. It is probably related to the hydroxyl and carboxylic groups on the 
xanthan gum, which may act as a linkage between the starch and other 
components. In terms of the other two emulsifiers, pea protein isolate and 
mono/di glycerides, it seemed that they only possessed either one of the 
hindrance and competition function due to their molecular structure. Thereby, 
a weaker absorbance peak at 1743 cm-1 was still detected in both R1 and R3 
but a remarkable enhancement was observed with the addition of xanthan gum 
(R2 and R5). In short, the inclusion of lecithin in cakes can reduce the degree 
of crosslinking to some extent. 
The band at about 1646 cm-1 was found to be associated with the vibration 
of the water molecules absorbed in the amorphous region of starches (Capron 
et al., 2007; Wilson et al., 1991). The intensity of this band can provide some 
information about the crystallinity of the starch molecules. Among the seven 
groups, the peak intensity at 1646 cm-1 for R2 (PPI+XN) group was shown to 
be slightly higher than those in the others, indicative of a relatively lower 
crystallinity in the starch (Fig. 2). In this study, there was one day between the 
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cake baking and freeze drying. During this period, a certain degree of stalling 
may take place although the samples were kept in a desiccator. Previous works 
have demonstrated that the recrystallization of starch molecules was one of the 
key reactions during stalling (Hesso et al., 2015), and that xanthan gum was 
effective in retarding the staling in bread by impeding the recrystallization 
(Gavilighi et al., 2006). Hence, the addition of XN can reduce the 
recrystallization rate in R2 eggless cake and account for the lower peak 
intensity of water absorbed in the amorphous region. 
The peaks at about 1047 and 1022 cm-1 were also demonstrated to be the 
characteristic peaks for monitoring the crystallinity of starch as they were 
assigned to C-O-H bending in ordered and amorphous starches, respectively 
(Capron et al., 2007; Liu et al., 2014; van Soest, Tournois, de Wit, & 
Vliegenthart, 1995). Deconvolution over the range of 1100-950 cm-1 was 
performed to help in finding the peaks and obtaining more accurate intensities. 
The ratios of the intensities of these two peaks are shown in Table 2. It turned 
out that there were no significant differences between the relative 
crystallinities of starch samples in different groups. The result was generally 
consistent with the one obtained using X-ray diffraction while the values of 
the crystallinity from XRD results were lower. It was probably due to the 
distinctions of determination principles and scopes between the two analytical 
methods. FTIR is more sensitive to the short-scale ordering in the double 
helices, while only a longer range of crystalline, in other words, the ordered 
packing of double helices can be accepted as a real crystalline region in XRD 
(Baik, Dickinson, & Chinachoti, 2003; Miao et al., 2011). In summary, the 
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Fig. 2. (a) FTIR spectra of starches of cakes in different recipes; (b) Relative 
intensities of peaks at 3434, 1743 and 1083 cm-1. (R1: PPI; R2: PPI + 0.1%XN; 
R3: PPI + 1%MDG; R4: PPI + 1%SL; R5: PPI + 0.1%XN + 1%MDG; R6: 
PPI + 0.1%XN + 1%SL. PPI: pea protein isolate; XN: xanthan gum; MDG: 
mono/diglycerides; SL: soy lecithin). 
 
 
1743 cm-1 1083 cm




Table 2. Ordering parameters of starch in eggless cakes with PPI 
replacers. 
Group Xc  In(1047/1022) 
Control 0.21 ± 0.03b 0.55 ± 0.01a 
PPI 0.24 ± 0.01ab 0.54 ± 0.01a 
PPI + 0.1%XN 0.27 ± 0.01a 0.54 ± 0.01a 
PPI + 1%MDG 0.28 ± 0.01a 0.56 ± 0.02a 
PPI + 1%SL 0.25 ± 0.02ab 0.55 ± 0.01a 
PPI + 0.1%XN + 1%MDG 0.26 ± 0.00ab 0.56 ± 0.01a 
PPI + 0.1%XN + 1%SL 0.27 ± 0.03a 0.55 ± 0.01a 
Xc: Relative crystallinity obtained from XRD; In(1047/1022): Intensity ratio of 
peaks at 1047 and 1022 cm-1. Values in the same column with different letters 
indicate significant difference by the Duncan’s multiple range test (P < 0.05). 
(PPI: pea protein isolate; XN: xanthan gum; MDG: mono/diglycerides; SL: 
soy lecithin.) 
3.2 Structural changes of gluten 
3.2.1 FTIR analysis of gliadin 
FTIR spectroscopy was employed to assess the secondary structure of 
glutens. Amide I (1700-1600 cm-1), amide II (1600-1500 cm-1) and amide III 
(1350-1200 cm-1) proved to be derived from the vibrations in amide bonds in 
the proteins. Amide I band was assigned to the stretching vibration of carbonyl 
group, coupled with a little N-H in-phase bending and C-N stretching, (Mejia, 
Mauer, & Hamaker, 2007; Surewicz, Mantsch, & Chapman, 1993) while the 
absorption at amide II and amide III both arose from the bending mode of N-H 
bond and some C-N stretching vibration (Curley, Kumosinski, Unruh, & 
Farrell, 1998). The amide II absorption intensity was mainly dependent on the 
extent of protein-solvent interaction but less on protein-protein interactions 
(Wellner, Belton, & Tatham, 1996). 
Due to the stronger peak intensity, a more traditional approach to analyse 
spectra was to perform deconvolution on the amide I region (1700-1600 cm-1) 
23 
 
and use Gaussian curve fitting to separate the component peaks. However, this 
approach turned out to be unsuccessful here because of the variation and 
inconsistency with respect to the assignment of the fitted peaks.  For example, 
the typical peak location for α-helix in Byler and Susi (1986) research was at 
1655 cm-1, and expanded to 1661-1654 cm-1 (Bock & Damodaran, 2013) or 
1657-1652 cm-1 (Mejia et al., 2007). Additionally, the range was overlapped 
by that of the random coil and β-turn at times. Random coil was generally 
positioned at or 1650-1640 cm-1 whereas β-turn can be associated with the 
band at 1680-1655 cm-1 (Georget & Belton, 2006). Moreover, an amide I 
region appeared to be largely interfered by the water absorption vibration 
signals at 1645 cm-1 especially under the condition that the humidity control of 
the equipment environment was less effective. Finally, the shifts of the peak 
locations were also possible upon the using of different ingredients. In a word, 
the assignments of the peaks at amide I can easily be vague and incorrect.  
It is noted that the amide III region at 1350-1200 cm-1 is also highly 
sensitive to the secondary structure although the intensity is relatively lower. 
The advantages of this region lay in that the overlaps of different secondary 
structures were much less compared with in amide I (Cai & Singh, 1999) and 
there was little absorbance band originating from water in this region 
(Seabourn, Chung, Seib, & Mathewson, 2008). Thereby, amide III was used 
for the secondary structures analysis for gliadins in order to obtain better 
separations and more accurate results.  
Amide III was separated into four sections as displayed in Fig. 3 and it 
was obvious that the four components were less overlapped. The results in 
Table 3 indicated that the major secondary structure of all the gliadin samples 
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alike were β-sheets, which was consistent with the previous studies of 
Seabourn et al. (2008) and Wang et al. (2015). Works by Wellner et al. (2005) 
and Mejia et al. (2007) have revealed that the dough formation process was 
accompanied with the conversion of α-helices and β-turns into β-sheets. This 
can account for the higher contents of β-sheets than the results from studies 
with raw flour or gluten as the targets (Chourpa, Ducel, Richard, Dubois, & 
Boury, 2006). Compared with the sample with only PPI as the replacer, the β-
sheets in gliadin was found to be converted to unordered structures and β-turns 
upon the combinations of other ingredients. XN (0.1%) and SL (1%) notably 
enhanced the conversion of both components while MDG (1%) tended to 
maintain more β-sheet structure (R2-4). When PPI, XN and any of the 
emulsifiers were mixed, the combination effects were observed. A 
compromising content of β-sheets was turned into random coil and β-turns in 
R5 group whereas even more was converted in R6.  
In contrast to the control group, the total contents of β-turns and α-helix 
were increased with the addition of various PPI replacers. This reflected the 
improvements in hydrogen bond strength in gliadins in these eggless recipes. 
Since gliadins can form spherical or elliptical aggregates, the relative contents 
of helical structures (β-turn and α-helix) should be of some importance. There 
may be potential relationships between the sum of β-turn and α-helix structure 
content and the gliadin aggregate size. The lowest content of helical structures 
in the control group may be related to the finding that the aggregates were 
dominated in the smaller range size according to the microscopic results. 
However, from the view of recipe development, the substituents using PPI as 
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the main ingredient cannot mimic the structural properties of gliadin proteins 
in traditional cakes. 
 
Fig. 3. Inverted second derivative IR spectra of gliadin in amide III region 
(1350-1200 cm-1). 
Table 3. Percentage of secondary structures of gliadin in eggless cake with 
PPI replacers. 
Group 
Secondary structure (%) 
α-helix β-sheet  β-turn  Random coil  
Control 12.35 ± 0.61b 69.35 ± 4.69a 2.98 ± 0.53e 15.31 ± 3.92a 
PPI only 15.75 ± 0.11a 69.01 ± 1.21a 15.24 ± 1.32d 0.11 ± 0.20d 
PPI+0.1%XN 15.42 ± 1.20a 48.70 ± 1.16cd 25.74 ± 0.31ab 10.15 ± 2.02ab 
PPI+1%MDG 14.01 ± 1.42ab 66.76 ± 6.96a 15.86 ± 2.44d 3.38 ± 5.85c 
PPI+1%SL 14.49 ± 1.50ab 53.60 ± 3.06bc 23.08 ± 1.83b 8.83 ± 1.07b 
PPI+0.1%XN
+1%MDG 
15.39 ± 1.03a 57.62 ± 2.11b 18.71 ± 0.06c 8.27 ± 3.08bc 
PPI+0.1%XN
+1%SL 
11.88 ± 2.87b 44.71 ± 1.15d 27.99 ± 2.43a 15.42 ± 1.16a 
Values in the same column with different letters indicate significant difference 
by the Duncan’s multiple range test (P < 0.05). (PPI: pea protein isolate; XN: 
xanthan gum; MDG: mono/diglycerides; SL: soy lecithin.) 
3.2.2 AFM analysis of gliadin 
AFM is a non-destructive microscopic technique for imaging the native 
macromolecules in mesoscale, therefore it was employed to analyse the 
structural change of the glutens in cakes with various ingredients. In the 
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images, the overall profiles are continuous sheets embedded with many 
spherical aggregates at varied sizes and two representative images are shown 
Fig. 4a and b. It could be associated with the result in Jiang’s work (2008), in 
which the observed dark globular inclusions in the TEM images were 
identified as localised protein aggregates with doubt. The continuous film may 
be generated by some certain gliadin subunits. Many reports have revealed 
that some constituent fractions of gliadin with extra cysteine can behave 
similarly to glutenin and be incorporated into the polymer systems (Haraszi, 
Chassaigne, Maquet, & Ulberth, 2011; Muccilli et al., 2005). 
As far as we are aware, the past study related to glutens’ architectures 
change in response to different conditions focused more on the whole gluten 
structure without considering the properties of the subunits i.e. gliadin and 
glutenin (Wang et al., 2015). Some others, on the contrary, directly got deep 
insight into the fractions of gliadin (McMaster, Miles, Kasarda, Shewry, & 
Tatham, 2000; Paananen et al., 2006) and analysed in the respect of micro-
phases (McMaster et al., 1999). However, it is probably the bulk morphology 
resulted from the interactions between these micro-phases and fractions that is 
more crucial to the final quality of the batter and cakes. Moreover, there is a 
doubt that whether the gliadins show a similar conformation in cake with that 
in bread gluten, and even isolated directly from wheat flour. Therefore, this 
analysis is more dependent on the comparisons among my own results.  
According to the microscopic results, the diameters of the aggregates 
varied from each other. It is likely that the aggregate sizes were affected by the 
interactions between the gliadins and the replacers. The sizes were categorised 
into four groups and the relative frequencies are presented in Fig. 4c. The size 
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occurrence was assessed from the aspects of homogeneity and dominant size 
range. The size range for about 70% of the aggregates was taken as a 
representing marker for the homogeneity. As for conventional cakes, the 
aggregates in the smaller size (100-200 nm) account for more than 70%, 
indicative of a small and homogeneous aggregate profile compared with the 
eggless groups. When PPI was incorporated into the cake systems, the 
aggregate tended to become larger in size and be distributed in a wider range. 
It can be assumed that the smaller particles were connected and bonded with 
the adjacent ones to form larger particles. Literature has pointed out that 
gliadin was rich in glutamine and proline, therefore the major interactions 
were hydrogen bonding, hydrophobic interaction and intramolecular 
disulphide bonds originated from cysteine (Haraszi et al., 2011; Kontogiorgos, 
2011). 
The additives, both hydrocolloid and emulsifiers, were found to interfere 
the conformations mainly through hydrogen bonding and hydrophobic 
interaction. The amino acid profile of PPI suggested that it contained higher 
content of aspartic acid and glutamic acid (Koyoro & Powers, 1987), thus 
additional electrostatic interaction may also exist. Thereby, PPI could act as 
connecters between smaller aggregates and be incorporated into the protein 
units more tightly due to stronger interactions. The further addition of XN may 
link more PPI and enhance this impact, causing even higher frequency for 
very big inclusions (> 300 nm).  
The presence of the two emulsifiers did not give rise to the same effect, 
MDG shifted the size to a medium level whereas SL appeared not to reverse 
the effect of PPI. This might be attributable to the nature of the two molecules. 
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MDG possesses polar head of hydroxyl group, while SL contains charged 
phosphate group that is a stronger hydrogen bond acceptor. The lipophilic part 
of MDG may hide the hydrophobic region, exposing less electron-rich 
hydroxyl group, thus reducing the interacting forces with PPI and other 
particles. SL, however, can provide more charged region and compensate the 
interactions.   
The combination of PPI, XN and emulsifiers showed comparable effects 
on the aggregate occurrence, both shifted to medium sizes (100-200 nm and 
200-300 nm). The key altering factor may be the existence of XN, which 
connected between the emulsifier molecules and lessened the connection 
between the gliadin aggregates and PPI. In comparison with the control group, 
the small particles were stabilised by hydrophobic interaction and the egg 
lecithin together with other components assisted in dispersing the particles. 
Thus, a more centralised and smaller-size distribution was observed. When 
PPI was used to replace the egg, the gliadin aggregates appeared to be larger 
and less homogeneous due to the integration of PPI molecules. The additions 
of other additives may only decrease, improve or just maintain the coagulation 
together with the size distribution. Hence, although none of the replacers can 
show identical properties with traditional cakes, R3, R5 and R6 were found to 







Fig. 4. Representative AFM images of gliadin structures in (a) control cake 
and (b) eggless cake (R6); (c) Size distribution of gliadin aggregates in eggless 
cake with PPI replacers. Within each size range, groups with different letters 
are significantly different (P < 0.05). (PPI: pea protein isolate; XN: xanthan 
gum; MDG: mono/diglycerides; SL: soy lecithin.) 
3.2.3 FTIR analysis of glutenin 
The FTIR spectra of glutenins in cakes were also collected to help to 
understand the mechanisms of the property changes. Comparatively, amide I 
was more commonly used as a quantitative method for the secondary 
structures of proteins (Bock & Damodaran, 2013; Kumosinski & Farrell, 1993; 
Wang & Chen, et al., 2014; Wang & Xu, et al., 2014; Wellner, Bianchini, 
Mills, & Belton, 2003), but the amide III band can overcome the limitations of 
interference from water absorbance and overlap of resolved peaks. Thereby, 
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amide III was also used as the major analysing region for the determination of 
secondary structures in glutenin.  
However, the “loop and train” model postulated that the major part of 
glutenin, especially high molecular weight glutenin subunit contained 
repetitive domains, which can form unusual β-spiral superstructures. In 
addition, this domain adopted β-turns and intermolecular β-sheets to build up 
the loop and train structures (Belton, 1999). As a result, the content of specific 
intermolecular β-sheets should be quantified besides the total contents but it 
cannot be distinguished in amide III. In contrast, it was revealed to be located 
at about 1611 and 1625 cm-1 in the amide I region and should be less affected 
by the interference of water (Georget & Belton, 2006; Sivam et al., 2013). The 
two regions were then both employed to access the secondary structures of 
glutenin and the typical deconvolution and second derivative spectra are 
presented in Fig. 5. 
The assignments of β-sheet and unordered structures in amide III were 
similar to those in gliadin spectra. The band centred at 1301-1304 cm-1 should 
be assigned to α-helix based on the previous researches (1330-1295 cm=1), 
resulting no β-turn in the protein. The β-turn structure was demonstrated to be 
dominant in the repetitive domain of glutenin (Tatham, Miflin, & Shewry, 
1985) and some had assigned a typical α-helix band to the combination of 
unordered structure, β-turn and glutamine residues (Feeney et al., 2003). 
Tatham et al. (1985) pointed out that α-helix and β-turn were both helical 
structures only differing from the number of molecules in a helix (four for β-
turn and five for α-helix). As a result, the peak at around 1302 cm-1 may be 
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due to a mixture of the two helical conformations, or some intermediate 
structures between these two forms. 
As is presented in Table 4, the difference among the groups was not as 
obvious as expected. It was probably attributed that the glutenin samples lose 
some structures in the dry state after subjecting to freeze drying (Shewry, 
Popineau, Lafiandra, & Belton, 2000). In the eggless recipes, the β-sheet 
content was slightly decreased upon addition of other additives. XN and MDG 
tended to convert β-sheet into the random coils while SL and the mixtures of 
XN and any emulsifier into helical structures. Also, it was interesting that the 
recipe with PPI only as the replacer seemed to best mimic the glutenin in the 
control cake without considering the intermolecular β-sheets.  
The addition of PPI was supposed to strengthen the interactions in the 
repetitive regions, resulting in increased intermolecular β-sheets and less 
helical structures. On the condition that XN or MDG were added with PPI, no 
significant alteration was detected for the intermolecular β-sheets and thus it 
was the other β-sheet structure that became unordered. XN (R2) mainly 
worked through hydrophilic interactions (hydrogen bonding) and hence some 
impacts might be inhibited during FTIR sample preparation. The latter three 
replacers appeared to increase the ordering of the glutenin structures but the 
intermolecular β-sheet also decreased. That is to say, more other β-sheet 
structures, as well as α-helix/β-turn were formed. Possible explanations were 
that MDG formed weaker interactions with the protein and thus PPI 
dominated the effects. In contrast, SL can act as a stronger hydrogen bond 
acceptor in the competition with PPI (R4). This may also account for the much 
lower content of intermolecular β-sheets in the control group. The resulting 
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emulsifying effect may loosen the repetitive domains and remarkably 
decreased the intermolecular hydrogen bonds. Likewise, the emulsifying effect 
in R4 group led to the conversion of β-sheets into helical structures. When 
both the hydrocolloid and emulsifier were incorporated (R5 and R6), more 
ordered structure was observed. The possible mechanism was assumed to be 
the presence of XN, which assisted in the stabilising of the hydrogen bonding 
in helical structures. Nevertheless, in the aspect of replacement of egg 
component in cakes, the substituents with PPI replacers turned out to be less 
desirable. 
 
Fig. 5. Secondary structure measurement of glutenin. (a) Curve fitting in 
deconvoluted FTIR spectra of glutenin in amide I (Solid line: deconvoluted 
curve; dash lines: fitted peaks); (b) Inverted second derivative spectra in amide 
III region. 
Table 4. Percentage of secondary structures of glutenin in eggless cake 
with PPI replacers. 
Group 
Secondary structure (%) 
α-helix  β-sheet  Random coil  
Intermolecular 
β-sheet* 
Contro l  37.53±0.99b 57.32±0.90a 5.15±1.87bcd 21.72±2.22b 
R1 34.57±4.91bc 57.27±1.32a 8.16±4.02bc 29.10±0.87a 
R2 31.70±2.97c 52.52±5.11b 15.78±7.96a 29.51±1.36a 
R3 35.79±1.47b 53.10±0.98b 11.10±2.20ab 30.98±0.79a 
R4 42.66±2.20a 54.46±1.94ab 2.88±2.31cd 19.66±0.45b 
R5 42.81±1.37a 52.43±1.09b 4.77±2.30cd 20.58±2.91b 
R6 43.74±0.21a 55.69±0.51ab 0.57±0.35d 20.13±2.29b 
*The relative contents of intermolecular β-sheets were obtained from amide I 
region. 
Values in the same column with different letters indicate significant difference 
by the Duncan’s multiple range test (P < 0.05). (R1: PPI; R2: PPI+0.1%XN; 
R3: PPI+ 1%MDG; R4: PPI+1%SL; R5: PPI+0.1%XN+1%MDG; R6: 
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PPI+0.1%XN+1%SL. PPI: pea protein isolate; XN: xanthan gum; MDG: 
mono/diglycerides; SL: soy lecithin.) 
3.2.4 AFM analysis of glutenin 
The nanostructures of glutenin were imaged with AFM in order to have a 
more visualised understanding of the conformational changes. Thin layers 
with different thickness were observed in all the samples, which could be 
associated with the description of gluten structure in previous research (Jiang 
et al., 2008; Shomer, Lookhart, Vasiliver, & Bean, 1998). Gluten was 
described as continuous sheets embedded with aggregates and generating 
porous ultrastructure. Networking morphology was also found in some of the 
groups with AFM. Generally, the imaging results agreed with others’ 
investigations. 
The sheet-like structures ranged from 5 to 11 nm in thickness and there 
was no significant difference between the control and the treated groups, 
except R2 and R5. The thin layers could be assumed to be formed by piled 
high molecular weight glutenin polymers as mentioned in Shewry et al.’s 
model (2000). These glutenin subunits were connected mainly via disulphide 
and hydrogen bonds in the repetitive region, where was rich in β-turns and 
intermolecular β-sheets (Belton, 1999). 
In terms of the porous structures, most of the glutenin samples showed 
some kinds of networking structures (Fig. 6). However, in about 20 images of 
glutenin with R1 recipe, porous conformation was not observed. According to 
the size and morphology, it could be assumed that the porous region was the 
relatively hydrophilic positions where hydrated water molecules were bound, 
as described in Jiang’s work, where gluten was subjected to sub-zero treatment 
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and ice crystals were observed (2008). As was presented in the images (Fig. 
6a), the porosity in the control group was large in size and some may be 
merged with others to yield open-cell pores. On the condition of adding PPI, 
the overall areas of porosity were obviously decreased. In the cake with only 
PPI as the replacer, it seemed that glutenin was so compacted to produce 
hardly any pores. Upon the inclusion of other additives, porosities were 
formed again. With the help of XN, closed-cell pores were created (Fig. 6b) 
and become smaller when MDG or SL was also added (Fig. 6e and f). PPI 
with MDG or SL tended to produce more open-cell and tiny porosity 
structures (Fig. 6c and d). 
It was known that cake batter can be regarded as an oil-in-water emulsion 
matrix where the aqueous and lipophilic phases were interacting with each 
other to establish a balanced and stable system. In this case, the dispersion of 
the aqueous phase can be dependent on the nature and amount of the 
hydrophilic region. In cakes made by conventional recipes, the lecithin in egg 
yolk, a strong emulsifier, contributed remarkably to the hydrophilic 
interactions between glutenin and water molecules, leading to a large area of 
porosity. Although PPI also proved to possess emulsification function, the 
mechanism is different with SL and other lipid emulsifiers. Protein isolates 
tends to form a thin viscoelastic film enclosing the foams to protect them from 
rupture (Sahi & Alava, 2003), making it a weaker surfactant and can barely 
take effect in the oil-in-water system (Whitehurst & Wiley, 2004). 
Additionally, PPI mainly consists of two globular proteins, legume and vicillin 
(Koyoro & Powers, 1987), which are considered to be comparable with 
glutenin in size. As a result, PPI may bind to the glutenins through 
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electrostatic and hydrophobic interactions, generating continuous sheets with 
little porosities.  
When XN was added, it might act as linking bridge between PPI and 
glutenin as well as water molecules by electrostatic and hydrogen bonding 
interactions, thus extending the glutenin polymeric structures. A similar 
process can take place upon the addition of MDG and SL but the impacts were 
weaker due to less hydrophilic sites and the glutenins were less hydrated. Plus, 
MDG and SL are amphiphilic linear structures with only one polar head, and 
thus there is only one side for hydration. The special parallel ribbon-shape 
morphology in the group with PPI and MDG (Fig. 6c) might be resulted from 
the nature of MDG. MDG molecules linked to the proteins with mainly 
hydrophobic interactions, leaving the polar parts heading towards. Since the 
hydrophilicity in this region was weaker, fewer water molecules were 
incorporated in and the structure failed to expand. The reason that similar 
structure was less observed in the PPI+SL group might be related to the 
stronger emulsification ability of SL and/or the slightly charged phosphate 
groups. 
On the condition that both XN and emulsifiers were included in the 
recipes, the effect of increasing hydrophilicity of XN appeared to be cancelled 
by the emulsifiers. A possible mechanism was supposed to be the reduction of 
hydrophilic site arising from binding between XN and the emulsifiers. In 
summary, the porosity nanostructure in glutenins was probably related to the 
hydrated water and hydrophilic region in the matrix. The six substituent 
recipes seemed to less mimic the property in the conventional cakes and the 




Fig. 6. AFM images of glutenin in eggless cake with PPI replacers. Porous 
structure of (a) traditional cake and eggless cakes with (b) PPI + 0.1%XN, (c) 
PPI + 1%MDG, (d) PPI + 1%SL, (e) PPI + 0.1%XN + 1%MDG and (f) PPI + 
0.1%XN + 1%SL; (g) Example of thin layer structure. (PPI: pea protein 
isolate; XN: xanthan gum; MDG: mono/diglycerides; SL: soy lecithin.) 















Control 6.90 ± 0.99bcd  4 ± 1c 0% 2% 11% 87% 
R1 7.77 ± 1.15b - - - - - 
R2 10.56 ±2.70a 24 ± 3b 0% 59% 23% 18% 
R3 7.23 ± 1.31bc  - - - - - 
R4 6.43 ± 0.78 cde  69 ± 9a 13% 85% 2% 0% 
R5 5.53 ± 1.02e 64 ± 9a 40% 60% 0% 0% 
R6 6.17 ± 1.03de 66 ± 4a 18% 82% 0% 0% 
*The pore size distribution was calculated based on 90 pores for the control 
group and at least 100 pores for the other groups. 
Values in the same column with different letters indicate significant difference 
by the Duncan’s multiple range test (P < 0.05). (R1: PPI; R2: PPI + 0.1%XN; 
R3: PPI + 1%MDG; R4: PPI + 1%SL; R5: PPI + 0.1%XN+1%MDG; R6: PPI 
+ 0.1%XN +1%SL. PPI: pea protein isolate; XN: xanthan gum; MDG: 
mono/diglycerides; SL: soy lecithin)  
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4. Structural changes in eggless cakes with SPI  
4.1 Structural changes of starch 
4.1.1 Powder X-ray diffraction determination 
The freeze-dried cake samples were subjected to XRD analysis for 
measuring the ordering of the molecules, mainly starches.  Among all the 
diffractograms (Fig. 7), there is only one broad peak at a 2θ angle of about 20° 
(equivalent to d spacing of 4.4 Å), referring to the crystalline V-type amylose-
lipid complexes (Eliasson, 1997; Primo-Martín et al., 2007). The calculated 
relative crystallinities of the eggless cakes were slightly higher than 
conventional cakes, which were similar to the PPI replaced ones. The result 
implied that the substitution of egg components slightly decreased the 
amorphous region and the interaction between the double helices of starches. 
With the purpose of understanding the conformational differences of starch in 
different cakes, FTIR analysis was conducted. 
 
Fig. 7. XRD diffractogram of wheat flour, traditional cake and eggless cakes 
with SPI replacers. (SPI: soybean protein isolate; XN: xanthan gum; MDG: 
mono/diglycerides; SL: soy lecithin.) 
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4.1.2 FTIR analysis 
The FTIR spectroscopic assessment provided insight into the molecular 
conformations of starches (Fig. 8). No obvious shifts on peak positions 
implied that the substitution of egg posed little impacts to the basic skeletal 
structures of starches and thus the relative intensities of the peaks should be 
paid more attention. The comparison of the intensities between peaks at 3434 
and 1083 cm-1 was indicative of the relative content of inter-chain hydrogen 
bonding in starches (Ji et al., 2015). The C-O stretching vibrations (1021, 1083 
and 1156 cm-1) were found to be significantly stronger than the eggless groups, 
which may be owing to the interfering effect arising from the presence of SPI. 
For the treated groups, a possible reason for the opposite trend of intensities at 
1083 cm-1 in the six SPI added groups, compared with the PPI groups may be 
associated with the higher water absorption capacity of SPI (Petruccelli & 
Anon, 1995). SPI (R7) can form stronger hydrogen bonds with the starch 
molecules and compensate some of the interfering effect, while the addition of 
XN or MDG (R8, R9) reduced the mobility and availability of SPI and thus 
reduced the inter-chain hydrogen bonding strength. Moreover, the addition of 
SL, which contains more hydrophilic head, could further reduce the 
compensation effect of SPI and enhance the spacial disturbance interaction 
between the starch chains were further decreased. 
Likewise, a new peak at about 1743 cm-1, which was assigned to the 
carbonyl stretching vibration in esters, was detected in the spectra of starches 
in R7, R8, R9 and R11 cakes. The presence of 1743 cm-1 peak indicated the 
existence of stretching vibration of carbonyl groups in carboxylate ester and 
hence the formation of new cross-linking structure with ester bonds (Liu et al., 
39 
 
2014; Sivam et al., 2013). The affecting patterns were similar to those of the 
PPI replacers. The recipe with SPI and XN (R8) brought out the most new 
crosslinking structure for their synergic effects, followed by SPI only (R7) and 
the combination of SPI and MDG (R9, R11). Nevertheless, the groups of the 
cakes with SL ingredient did not absorb at this peak location, which was 
attributable to the existence of SL. Similar case may happen in the batter 
matrix of the control group that the phosphate and choline groups managed to 
occupy the binding site for crosslinking and then disturbed the network 
formation. 
Absorption band at about 1646 cm-1 was associated with the stretching of 
water molecules in amorphous region of starches and thereby it can also help 
to understand the overall ordering properties of starches. Comparatively, the 
peak intensity was slightly higher in the control group, indicative of a slightly 
higher content of amorphous regions. The result was in parallel with the 
relative crystallinity determined by powder XRD (Table 6) as they both 
assessed the conformational ordering of the double helices. However, the 
observations of the intensity ratio of the peaks at 1047 and 1022 cm-1, which 
characterising the vibrations of C-O-H bending at crystalline and amorphous 
regions, was opposed to the XRD results. Starch in SPI only group was found 
to be much ordered than other recipes in the short-range scale, in other words, 
in the starch chains. This can reflect some special properties of SPI in 
comparison with PPI. 
In summary, the replacements of SPI and other additives generally 
reduced the inter-chain hydrogen bond between the starch chains due to the 
large molecular size and strong water capacity as compared with the 
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traditional recipe. Also, the packing of starch chains was less amorphous upon 
the addition of SPI replacers. On the contrary, the crystallinity on the 
molecular level was slightly increased. A small FTIR absorption band at 1743 
cm-1 related to the crosslinking structure can also emerge when the egg 
component was replaced by substituents without SL. Hence, it was suggested 




Fig. 8. (a) FTIR spectra of starches of cakes in different recipes; (b) Relative 
intensity of peaks at 3434, 1743 and 1083 cm-1. (R7: SPI; R8: SPI + 0.1%XN; 






SPI + 0.1%XN + 1%SL. SPI: soybean protein isolate; XN: xanthan gum; 
MDG: mono/diglycerides; SL: soy lecithin) 
Table 6. Ordering parameters of starch in eggless cakes with SPI 
replacers. 
Group Xc  In(1047/1022) 
Control 0.21 ± 0.03b 0.55 ± 0.01d 
SPI 0.25 ± 0.01ab 0.71 ± 0.01a 
SPI + 0.1%XN 0.25 ± 0.02ab 0.59 ± 0.01 c 
SPI + 1%MDG 0.28 ± 0.01a 0.63± 0.01b 
SPI + 1%SL 0.26 ± 0.01a 0.59 ± 0.01 c 
SPI + 0.1%XN + 1%MDG 0.26 ± 0.01a 0.58 ± 0.01 c 
SPI + 0.1%XN + 1%SL 0.25 ± 0.02a 0.61 ± 0.04bc  
Xc: Relative crystallinity obtained from XRD; In(1646 cm
-1): Intensity of peak 
at 1646 cm-1 in FTIR spectra; In(1047/1022): Intensity ratio of peaks at 1047 
and 1022 cm-1; Values in the same column with different letters indicate 
significant difference by the Duncan’s multiple range test (P < 0.05). (SPI: 
soybean protein isolate; XN: xanthan gum; MDG: mono/diglycerides; SL: soy 
lecithin) 
4.2 Structural changes of gluten 
4.2.1 FTIR analysis of gliadin 
The structural changes arising from the substitutions were studied by 
assessing the secondary structures of gliadin in the second derivative FTIR 
spectra. The β-sheet structures were similarly dominant among the secondary 
structures in all groups and most of them were higher here in comparison with 
those in PPI groups.  
As is presented in Table 7, the β-sheet contents increased after addition of 
SPI and any one of the additives (R7-9), indicative of the increments of 
intermolecular interactions in gliadins, except the replacer with SPI and SL. 
The cancellation effect of SL was also detected in the PPI groups and likely an 
enhancement on helical structure content was accompanied. The combination 
of SPI, XN and MDG seemed to have comparable impacts on gliadin 
secondary structures as SPI and SL did. Interestingly, adding XN into R10 
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group can more significantly reduce β-sheets and convert them to random 
coils and helical structures, as was observed in the gliadin in R6. 
It might be attributed to the slightly charged property of SL as it can be 
bound to the protein with hydrophobic interactions and the remaining 
phosphate groups repelled each other so that loosening the molecules. Thus, 
the intermolecular interactions arising from β-sheets were weakened and the 
looser molecules were freer to coil. Because gliadin was rich in proline, β-turn 
conformation could be more favoured in these parts. As for the addition of XN 
molecules, it is likely that they strengthen the hydrogen bonding in β-turns and 
the unordered structures. 
In all, gliadins in SPI groups were a bit more similar to the control one 
especially for the R10 and R11 with respect to the secondary structures. 
Table 7. Percentage of secondary structure of gliadin in eggless cakes with 
SPI replacers. 
Group 
Secondary structure (%) 
α-helix  β-sheet  β-turn  Random coil  
Control 12.35±0.61b 69.35 ± 4.69c 2.98 ± 0.53d 15.31 ± 3.92b 
R7 11.90±0.91b 74.01 ± 3.95b 3.61 ± 1.66d 10.48 ± 2.75c 
R8 8.33±1.10c 77.06 ± 2.06b 0.06 ± 0.11e 14.59 ± 1.00b 
R9 12.27±1.68b 86.85 ± 1.57a 0.20 ± 0.01e 0.68 ± 0.11d 
R10 12.28±1.59b 67.49 ± 2.20c 10.52 ± 1.23b 9.70 ± 1.40c 
R11 16.52±1.31a 69.12 ± 1.88c 6.72 ± 0.54c 7.68 ± 1.41c 
R12 9.20±0.56b 42.00 ± 3.20d 28.43 ± 2.18a 20.30 ± 0.70a 
Values in the same column with different letter indicate significant difference 
by the Duncan’s multiple range test (P < 0.05). R7: SPI; R8: SPI + 0.1%XN; 
R9: SPI + 1%MDG; R10: SPI + 1%SL; R11: SPI + 0.1%XN + 1%MDG; R12: 
SPI + 0.1%XN + 1%SL. (SPI: soybean protein isolate; XN: xanthan gum; 
MDG: mono/diglycerides; SL: soy lecithin) 
4.2.2 AFM analysis of gliadin 
The general nanostructures of gliadin fraction in cakes with SPI 
substituents, extended sheets included with aggregates in various sizes, were 
in consistency with those observed in the PPI batch. The quantification was 
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conducted by separating the particles into groups according to their diameters 
and comparing the relative frequencies (Fig. 9). The major components of 
gliadin, α- and γ-gliadin subunits mainly formed globular architectures 
whereas some molecules with extra cysteine can act as glutenin (Haraszi et al., 
2011). The presence of SPI in the six eggless groups enlarged the size ranges 
and shifted the medium to the higher sides. This effect was enhanced or 
retained upon the additions of XN or SL. In contrast, when MDG or 
XN+MDG was contained in the replacers, the shifts were somewhat declined, 
leaving the distribution more parallel to the control group. 
Similar to PPI, the major constituents of SPI were two globular proteins, 
namely glycinin and β-conglycinin. The amino acid profile, molecular weight, 
together with the subunit conformations of glycinin and β-conglycinin were 
reported to resemble those of the two main components in PPI, legumin and 
vicillin, respectively (Koyoro & Powers, 1987; Petruccelli & Anon, 1995). 
Meanwhile, the replacement was very likely to change the molecular 
structures by affecting the protein-protein interactions. Thereby, it was 
reasonable that the affecting mechanism and resulting influences on the 
morphology of gliadin aggregates were similar. SPI adhered the smaller 
particles through hydrophobic, hydrogen-bonded and electrostatic interactions 
and XN/SL worked as extra connectors by providing more strongly 
hydrophilic sites. The alternative emulsifier, MDG, contains the less polarised 
hydrophilic group (hydroxyl group) in comparison with the phosphate group 
and choline in SL. It can lead to weaker hydrogen bonding and thus less 
amalgamation as well as less compacted architecture. The combination of XN 
and emulsifier appeared to cancel the aggregation effect of SPI and XN to 
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some extent. It may be because that more XN was used to link the gliadin 
particles as emulsifiers offered better binding opportunity and relatively less 
SPI were incorporated into the aggregates. 
The main difference on the microscopic results between PPI and SPI 
substituents lies on the groups containing emulsifiers. In gliadin samples 
extracted from cakes with SPI and MDG (R9 and R11) tended to form slightly 
more small-size particles (Fig. 4c and Fig. 9). In other words, the small gliadin 
aggregates were more favoured and stable under this condition. On the 
contrary, those in R10 and R12 groups preferred even larger aggregates 
compared with R4 and R6 (Fig. 4c and Fig. 9). A possible explanation might 
be the better water hydration capability and fat absorption of SPI in contrast 
with PPI (Naczk, Rubin, & Shahidi, 1986) which absorbed more emulsifiers 
and improved the effect. Since the bulk influences of the two protein isolates 
on the nanostructure of gliadin were in parallel, the functioning mechanisms of 
protein isolated from different sources could be studied in the future. 
 
Fig. 9. Size distribution of gliadin aggregates in eggless cake with PPI 
replacers. Within each size range, groups with different letters are significantly 
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different (P < 0.05). (SPI: soybean protein isolate; XN: xanthan gum; MDG: 
mono/diglycerides; SL: soy lecithin) 
4.2.3 FTIR analysis of glutenin 
The secondary structures of glutenin by FTIR are shown in Table 8. The 
results for the recipes with SPI replacers appeared to be less variant in terms of 
the relative secondary structure percentage, as compared with the PPI groups. 
As is noted, the behaviour of the “loop and train” (Belton, 1999) conformation 
in glutenins was essential to the structural and physiochemical properties. The 
influence of the replacers can arise from the alteration on the repetitive 
domains probably by acting as connectors. The replacement with SPI and any 
one of the additives replacements basically improved the connection between 
the domains at the “train” part, where was mainly intermolecular β-sheets. The 
chemical property and rod-like structure of XN may account for the most 
considerable enhancement. Opposite effects on the intermolecular β-sheet 
content were observed for the groups with SPI and one emulsifier. As mixed 
with PPI, SL significantly decreased the contents and MDG showed little 
impact. In contrast, it was the addition of MDG that led to reductions and SL 
made fewer changes on the structure. A possible explanation could be the 
nature of the protein isolates. The isoelectric point of PPI was slightly lower 
than that of SPI (Chove, Grandison, & Lewis, 2001; Sumner, Nielsen, & 
Youngs, 1981) and SPI was generally less soluble than PPI (Zayas, 2012). 
Thus the connection effect from SPI may not prevail over the hindrance from 
MDG while SL can bind to SPI and enhance the effects. When XN was also 
combined in the replacer formula (R11, R12), some other β-sheets were 
converted to random coils.  
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In all, the traditional cake with egg component was better mimicked by 
the SPI+MDG replacers, with respect to the secondary structure of glutenin. 
Although it is impossible to create an eggless cake with all the properties 
similar to the conventional cake, it is still of research significance to 
understand the correlation between the structural properties in meso-scale and 
the final quality. 
Table 8. Percentage of secondary structure of glutenin in eggless cakes 
with SPI replacers. 
Group 
 Secondary Structure (%) 
α-helix  β-sheet  β-turn  Random coil  
Intermolecular 
β-sheet* 
Control  37.53±0.99a 57.32±0.90a - 5.15±1.87b 21.72 ± 2.22 d  
R7 36.51±0.24ab 56.56±1.45a -  6.92±1.66b 32.93 ± 0.61a b  
R8 30.69±0.65b 59.24±0.58a 3.90± 
2.40a 
6.17±2.21b 35.14 ± 3.72a  
R9 37.03±0.62ab 58.30±1.78a - 4.67±2.36b 25.10 ± 0.87 c d  
R10 34.71±4.37ab 58.78±1.84a - 6.51±3.72b 34.38 ± 6.42a  
R11 32.29±1.88ab 47.39±2.49b - 20.32±4.37a 27.79 ± 4.02 bc  
R12 37.29±5.95a 45.41±7.41b - 17.30±5.19a 29.55 ± 2.94a bc  
* The relative content of intermolecular β-sheet was counted in the overall β-
sheet. 
-  Not detected. 
Values in the same column with different letter indicate significant difference 
by the Duncan’s multiple range test (P < 0.05). (R7: SPI; R8: SPI + 0.1%XN; 
R9: SPI + 1%MDG; R10: SPI + 1%SL; R11: SPI + 0.1%XN + 1%MDG; R12: 
SPI + 0.1%XN + 1%SL. SPI: soybean protein isolate; XN: xanthan gum; 
MDG: mono/diglycerides; SL: soy lecithin) 
4.2.4 AFM analysis of glutenin 
The nanostructures of glutenins were studied using AFM and alike 
conformations were observed as in PPI groups. There were two major 
structures: thin layers with embedded and free spherical aggregates as well as 
some porous structures. The thin sheets were possibly formed by the repetitive 
regions of aligned high molecular weight glutenin through hydrogen 
interaction and disulphide bonds. The layer heights were similar for all the 
groups with the exceptions of R8 and R12 (Table 9), which were slightly 
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thicker. The strangely thicker layer might be caused by piled layers as the 
thickness was about twice of those of the other groups. 
Typical AFM images of the networking structures in glutenins are 
displayed in Fig. 10 and no such structure was found in the sample with SPI 
only (R7). As the porosities were supposed to be the hydrated region based on 
Jiang’s study (2008), the absence of porosity may reflect the compacted 
conformation in glutenin. In accordance with the “loop and train” model, 
higher contents of intermolecular β-sheets were associated with stronger 
interaction between the “loop” and the “train” regions, and thus it could lead 
to a more compacted structure. 
Upon addition of other additives, the pore sizes were greatly decreased 
except the two groups with SPI and emulsifiers (R9 and R10). However, the 
boundary of the pores in R9 was almost missing and the network was 
weakened. On the contrary, R10 seemed to produce too strong networking 
with thick walls. It should be pointed out that the porosity of R11 was small in 
size but had different layers above. The upper layers appeared to have looser 
structure and resemble the porosity in the control group, which may be 
resulted from the combination effect of XN and MDG. To summarise, the 
nanostructures of glutenin in groups with SPI substituents were closer to the 
control recipe in contrast with the PPI ones. Among them, recipes of R9, R10 






Fig. 10. AFM images of glutenin in eggless cake with SPI replacers. Porous 
structures of (a) traditional cake and eggless cakes with (b) SPI + 0.1%XN, (c) 
SPI + 1%MDG, (d) SPI + 1%SL, (e) SPI + 0.1%XN + 1%MDG, (f) SPI + 
0.1%XN + 1%SL. (SPI: soybean protein isolate; XN: xanthan gum; MDG: 
mono/diglycerides; SL: soy lecithin) 














Control 6.90 ± 0.99 cd 4 ± 1c 0% 2% 11% 87% 
R7 7.40 ± 0.79bc  - - - - - 
R8 8.00 ± 0.80b 25 ± 6b 0% 77% 21% 2% 
R9 7.08 ± 0.71 cd 9 ± 2c 0% 4% 47% 49% 
R10 7.23 ± 0.66 cd 7 ± 1c 0% 0% 5% 95% 
R11 6.61 ± 0.71d 31 ± 4b 0% 66% 20% 14% 
R12 11.04 ± 1.8a 93 ± 12a 12% 88% 0% 0% 
*The pore size distribution was calculated based on 90 pores for the control 
group and at least 100 pores for the other groups. 
Values in the same column with different letters indicate significant difference 
by the Duncan’s multiple range test (P < 0.05). (R7: SPI; R8: SPI + 0.1%XN; 
R9: SPI + 1%MDG; R10: SPI + 1%SL; R11: SPI + 0.1%XN + 1%MDG; R12: 
SPI + 0.1%XN + 1%SL. SPI: soybean protein isolate; XN: xanthan gum; 
MDG: mono/diglycerides; SL: soy lecithin) 
5. Multivariate analysis 
Cake or batter is a complicated food system with many ingredients 
subjected to a series of processing and baking procedures and multiple factors 
are possible to exert an impact on the quality of the final product. In order to 
figure out the latent correlations between the properties of the major 
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components and some important attributes of batter and cake, principle 
component analysis (PCA) was employed to cluster the final products and 
correlate some properties. PCA is a dimension reduction statistical method by 
performing linear combinations on a set of observations with maximal 
variance (Zhi et al., 2016). The relationships between the parameters were also 
analysed using Pearson correlation analysis. 
5.1 PCA on physicochemical properties of batter and cake 
Eight important physicochemical properties of batter and cake were 
standardised and then analysed with PCA. It turned out that three principal 
components (PCs) were needed for representing the majority (85%) of the 
original information. The score plots and loading plots along any two of the 
PCs are displayed in Fig. 11. In Fig. 11a, the samples were separated into three 
groups on the PC1xPC2 plane. The control group was positioned on the right 
along PC1 which mainly reflected the springiness, cohesiveness and moisture 
content of the cake. The eggless cakes with protein isolate or/and XN were 
distinguished from other recipes by PC2 with highly positive scores. PC2 
accounted for the variability of the firmness and chewiness of cake together 
with the initial viscosity of batter. When PC3 was taken into consideration, it 
can distinguish the source of protein isolates in the replacements, with PPI 
replacers on the upper side and SPI on the opposite. PC3 was a representative 
variable for the specific gravity of batter and the specific volume of cake. 
The loading plots can indicate the relationships between the properties 
and how they were correlated with the sample formulations. The springiness, 
cohesiveness and moisture content of cake were located positively along PC1 
(Fig. 11b). According to the mechanism of the texture profile analyser, the 
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calculation equations were similar for springiness and cohesiveness, therefore 
the positive relation was reasonable. Since PC1 successfully indicated the 
presence of egg component, it can be summarised that the control group 
mainly differed in the springiness, cohesiveness and moisture content, which 
probably arose from the egg. In terms of PC2, the firmness, chewiness and 
batter viscosity had high loadings on this variable. The high relationship 
between firmness and chewiness was also observed in Matos and Rosell’s 
work (2012). These attributes showed similarity in the cakes with PPI/SPI 
only or PPI/SPI+XN, and thus the addition of these ingredients can influence 
the viscosity of batter and then the texture of cakes significantly. Both the 
loadings of the batter specific gravity and the specific volume of cake scored 
highly along the third PC, which helped to categorise the plant source of the 
protein isolate in the recipes. Hence, the protein isolate may be more important 
to the final volume of the cake.  
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Fig. 11. Principal component analysis on physicochemical properties of batter 
and cake. Score plots on (a) PC1xPC2, (c) PC1xPC3 and (e) PC2xPC3 of 
samples; (b, d and f) Loading plots of variables along three PCs. (Vol: specific 
volume; Grav: specific gravity; Vis: batter viscosity; Mois: moisture content; 
FM: firmness; SG: springiness; CH: cohesiveness; CW: chewiness.) 
5.2 PCA on structural properties of gliadin and glutenin  
PCA was employed for in-depth understanding on the structural 
properties of gliadin and glutenins (Fig. 12). Four principal components were 
obtained for representing about 85% of the structural data. From the score 
plots on the left, it appeared that the clustering of the cake samples based on 
the structural parameters were not as regulated as on the basis of the 
physicochemical properties. However, one of the eggless recipes, R9 
(SPI+1%MDG), was found to be close to the control group with respect to 
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almost all the PCs, in particular for the gliadin aggregate size distributions and 
secondary structures of glutenin. Additionally, the score plots provided some 
trends of the effects on the protein structures originating from the replacers. 
The cakes with protein isolates as the only replacer (R1 and R7) generally 
showed a parallel effect on most of the PCs, but the differences got more 
significant after adding any other additives. It indicated that the other additives 
not simply participated in the interactions with the proteins but also affecting 
or interacting with the protein isolates. Along the PC1 axis, the addition of XN 
appeared to improve the scores of the groups with protein isolates and 
emulsifiers (R3, R4, R9, R10 and R5, R6, R11, R12). PC3 was also revealed 
to distinguish the existence of MDG by being scored a negative value (R3, R5, 
R9 and R11). Oppositely, glutens extracted from cakes with soy lecithin were 
located on the positive axis of PC3. 
It was also found that the combination impacts of different ingredients 
were not simple cancellation nor synergy. In other words, the mechanisms of 
the protein structural alterations on molecular level upon replacement of eggs 
were probably complex and could also depended on the additive and amount. 
However, the final quality of the batter and cakes turned out to show 
resemblances in some aspects. This can be resulted from the property change 
during extractions and determination pre-treatments. On the other hand, it also 
implied that the conformational properties may not directly decide the bulk 
attributes of the final products and some other transitional processes and 
properties may have a more crucial and straight effect. These transitional 
properties include the rheology of the gliadin, glutenin and gluten under the 
conditions of different replacers at different addition levels. 
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Besides, the loading plots gave some important information about the 
relationships of the structural properties (Fig. 12b, d and f). The first PC 
explained 29.19% of the original information and was defined by the content 
of β-sheet and β-turn in gliadin, glutenin β-sheet as well as pore number in 
glutenin microstructures. As is mentioned above, the presence of XN had 
enhancement effects on the score of PC1, indicative of the reductions on the β-
sheet structures (GliS and GluS located along the negative axis). PC2 basically 
represented the structural properties of glutenins (GluH, GluC, GluIN, LH and 
PA). The positive relation between intermolecular β-sheet content in glutenin 
and layer height in microscopic determinations was also confirmed. The size 
distributions of gliadin aggregate size (Gli0, Gli100, Gli200 and Gli300) were 
summarised in the third PC, which implied that the nature of the emulsifier 





Fig. 12. Principal component analysis on structural properties of gliadin and 
glutenins. Score plots on (a) PC1xPC2, (c) PC1xPC3 and (e) PC2xPC3 of 
samples; (b, d and f) Loading plots of variables along three PCs. (Gli0, Gli100, 
Gli200 and Gli300: gliadin aggregate size range at <100, 100-200, 200-300 
and >300 nm; GliS, GliC, GliT and GliH: relative contents of gliadin β-sheet, 
random coil, β-turn and α-helix; PN: pore number; PA: pore area; LH: layer 
height of sheet structure in glutenin; GluS, GluIN, GluC and GluH: relative 
contents of glutenin β-sheet, intermolecular β-sheet, random coil and α-helix.) 
5.3 Correlation of physicochemical and structural properties 
Establishment of possible relationships between the structures of the two 
gluten and the final quality of batter and cake was very important and useful 
because it can help to understand the mechanism and be further applied in the 
modification and development of new recipes. Thereby, Pearson correlation 
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analysis was performed on the parameters of the cakes and the correlation 
coefficient as well as the significance are presented in Table 10. 
Significant correlations were found between many parameters and strong 
linearity was mainly observed within the physicochemical and the structural 
variables. As is observed before, a strong negative linear relationship between 
the specific gravity of batter and specific volume of cake was confirmed with 
high correlation coefficient (r = -0.90, P < 0.01). It indicated that lighter batter 
was more aerated and can lead to a larger cake after baking. The relationships 
between the firmness and chewiness, as well as cohesiveness and springiness 
were also established to be strong positive linearity with r values equal to 0.98 
and 0.95, respectively. 
More statistically significant correlations were found to be less linear, 
which was probably because the mechanisms were too complex to fit the 
linear model. Even though, the detected correlations could provide some 
guidelines to the future modifications.  
The percentage of large gliadin aggregate (size greater than 300 nm) was 
slightly positively correlated with the firmness of cake (r = 0.69, p < 0.01). 
Higher aggregation degree of the gliadin fractions may lead to more 
compacted structure and a firmer final quality. Also, some positive 
relationships were also obtained between the pore number in the glutenin 
nanostructures and the secondary structures of gluten, like gliadin β-turn (r = 
0.70, p < 0.01) and ratio of α-helix and β-sheet in glutenin (r = 0.87, p < 0.01). 
Negative correlation between pore area and gliadin β-sheet content was 
revealed in the result (r = -0.75, p < 0.01). It implied that higher relative 
contents of helical conformations in gliadin and glutenin gave rise to more 
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porosities in the nanostructures probably by providing more loose spatial 
architectures. Finally, the influence of the replacers on the structural properties 




Table 10. Correlation coefficients (r) and significance levels between physicochemical and structural parameters of eggless cakes. 
 Vol Grav Vis FM SG CH CW Mois Gli0 Gli100 Gli200 Gli300 
Grav -0.90**                       
Vis 0.28 -0.48                     
FM -0.17 -0.20 0.44                   
SG 0.14 -0.07 -0.20 0.30                 
CH -0.05 0.18 -0.33 0.19 0.95**               
CW -0.15 -0.17 0.35 0.98** 0.47 0.37             
Mois -0.39 0.48 -0.26 0.00 0.39 0.58* 0.07           
Gli0 0.27 0.01 -0.22 -0.43 0.24 0.37 -0.36 0.48         
Gli100 0.03 0.28 -0.42 -0.58* 0.27 0.42 -0.47 0.48 0.80**       
Gli200 -0.18 0.02 0.14 0.04 -0.52 -0.57* -0.04 -0.52 -0.73** -0.57*     
Gli300 -0.02 -0.29 0.40 0.69** -0.04 -0.19 0.62* -0.32 -0.68* -0.91** 0.21   
GliS 0.32 -0.40 -0.07 0.33 0.44 0.39 0.40 0.14 0.37 0.18 -0.36 -0.08 
GliC 0.00 0.21 -0.05 -0.42 0.04 0.08 -0.37 0.03 -0.19 0.08 0.13 -0.09 
GliT -0.39 0.37 0.12 -0.21 -0.61* -0.57* -0.32 -0.23 -0.44 -0.30 0.44 0.17 
GliH -0.28 0.29 0.02 0.00 -0.13 -0.08 -0.05 0.07 0.16 0.01 -0.08 -0.01 
GliH/S -0.66* 0.58* 0.19 0.11 -0.42 -0.33 0.02 0.02 -0.47 -0.37 0.39 0.30 
PN -0.02 0.12 0.20 -0.47 -0.49 -0.50 -0.52 -0.24 -0.30 -0.09 0.41 -0.06 
PA 0.04 -0.21 -0.06 0.49 0.22 0.17 0.48 -0.09 0.01 -0.26 -0.02 0.26 
LH 0.23 -0.35 0.37 0.36 0.10 -0.01 0.33 -0.01 -0.21 -0.42 -0.11 0.55* 
GluS -0.23 0.07 -0.33 0.35 0.21 0.21 0.39 0.05 -0.18 -0.02 -0.12 0.14 
GluC 0.47 -0.41 0.49 0.08 0.12 0.05 0.05 -0.02 0.26 -0.16 -0.17 0.17 
GluH -0.46 0.55* -0.39 -0.50 -0.42 -0.31 -0.51 -0.02 -0.20 0.27 0.38 -0.42 
GluInS 0.45 -0.66* 0.37 0.53 0.17 0.03 0.52 -0.22 -0.16 -0.50 0.12 0.48 




 GliS GliC GliT GliH GliS/H PN PA LH GluS GluC GluH GluInS 
Grav                         
Vis                         
FM                         
SG                         
CH                         
CW                         
Mois                         
Gli0                         
Gli100                         
Gli200                         
Gli300                         
GliS                         
GliC -0.70**                       
GliT -0.95** 0.48                     
GliH -0.14 -0.40 0.20                   
GliH/S -0.79** 0.29 0.83** 0.43                 
PN -0.75** 0.66* 0.70** -0.16 0.50               
PA 0.36 -0.57* -0.24 0.28 -0.20 -0.78**             
LH -0.31 0.32 0.31 -0.31 0.17 0.13 0.16           
GluS 0.58* -0.41 -0.52 -0.22 -0.38 -0.59* 0.21 -0.37         
GluC -0.18 0.13 0.13 0.22 0.08 0.04 0.27 0.61* -0.76**       
GluH -0.36 0.26 0.38 -0.09 0.31 0.59* -0.65* -0.52 0.06 -0.69**     
GluInS 0.41 -0.25 -0.34 -0.33 -0.41 -0.47 0.64* 0.48 0.11 0.41 -0.76**   
GluH/S -0.66* 0.49 0.63* 0.01 0.46 0.87** -0.67* -0.16 -0.59* -0.08 0.77** -0.66* 
*p ≤ 0.05; ** p ≤ 0.01.  
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(Vol: specific volume; Grav: specific gravity; Vis: batter viscosity; Mois: moisture content; FM: firmness; SG: springiness; CH: cohesiveness; 
CW: chewiness; Gli0, Gli100, Gli200 and Gli300: percentage of gliadin aggregate size range at <100, 100-200, 200-300 and >300 nm; GliS, 
GliC, GliT and GliH: relative contents of gliadin β-sheet, random coil, β-turn and α-helix; GliH/S: content ratio of α-helix to β-sheet in gliadin; 
PN: pore number; PA: pore area; LH: layer height of sheet structure in glutenin; GluS, GluIN, GluC and GluH: relative contents of glutenin β-




6. Molecular modelling 
Based on the structural analyses of gliadin and glutenin upon addition of 
different replacers, molecular modelling was proposed for these two gluten. 
The possible mechanism of gliadin is shown in Fig. 13. Because gliadin was 
rich in proline, leucine and glutamine, the interaction at the outer surfaces with 
other molecules should mainly be hydrophobic interactions. As for the protein 
isolates (PI), they both contained high levels of tryptophan, glutamic and 
aspartic acid, leaving globular structures with some hydrophilic interacting 
positions with carboxylic groups.  
The PI can work as an emulsifier and form a thin protein layer (Sahi & 
Alava, 2003) on the surface of small gliadin molecules through hydrophobic 
interactions. The “coated” spheres were then connected with others with 
hydrogen bond, resulting in larger aggregates (Fig. 13a). Further addition of 
XN even fortified the hydrogen bonding especially at the positions that the 
aggregates were in larger distances (Fig. 13b). MDG and SL were fatty acid 
emulsifiers that were demonstrated to interfere and replace some protein 
emulsifier molecules at the interface. As a result, some of the PI bound on the 
gliadins were replaced by MDG or SL (Fig. 13c, d). As they both had the polar 
heads that can take part in the hydrogen bonding, the aggregation effects were 
not cancelled completely. Plus, SL was a much stronger hydrogen bond 
acceptor for its charged phosphate group, some interactions can be 
compensated and the aggregation degree could be higher. Finally, the 
combination of XN in these two groups appeared to slightly enhance the 
hydrogen bonding interactions and the aggregate sizes were shifted to larger 
range. Overall, among these replacers, SPI+1%MDG could lead to the 
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weakest hydrophilic interaction and then least aggregations, which resembled 
the structures of gliadin aggregates in the traditional cakes. 
The schematic diagram of the glutenin structures in different recipes in 
the side view are displayed in Fig. 14. The glutenin sheets were separated and 
loosely piled in the flour and some disulphide bonds, hydrophilic and 
hydrophobic interactions would be formed after mixing. When SPI was added, 
the parts that were originally separated due to little interaction can be 
combined with SPI, increasing the intermolecular β-sheet contents and layer 
heights (Fig. 14b). XN played a role in connecting the two positions with 
carboxylic groups in far distances (Fig. 14c). However, MDG and SL may 
compete with SPI for the hydrophobic binding sites and increased the 
hindrance between the glutenin sheets. Unlike MDG, SL was a stronger 
hydrogen bond acceptor than SPI and hence it can further link to the glutenin 
and maintain the intermolecular β-sheet structures (Fig. 14e). The existence of 
XN can only take effect at the positions with potential hydrogen bonding but 





      
 
Fig. 13. Schematic diagram of gliadin aggregation structures in eggless cakes 
upon addition of (a) SPI, (b) SPI+XN, (c) SPI+MDG, (d) SPI+SL, (e) 
SPI+XN+MDG and (f) SPI+XN+SL. (SPI: soybean protein isolate; XN: 








Fig. 14. Schematic diagram (Side view) of glutenin structures (a) in native 
form in flour and in eggless cakes upon addition of (b) SPI, (c) SPI+XN, (d) 
SPI+MDG, (e) SPI+SL, (f) SPI+XN+MDG, (g) SPI+XN+SL. (SPI: soybean 
protein isolate; XN: xanthan gum; MDG: mono/diglycerides; SL: soy lecithin) 
7. Conclusion and future work 
The major macromolecules, starches, gliadin and glutenin were extracted 
from traditional and eggless cakes and subjected to structural analyses. It 
turned out that the conformations of these molecules in cakes with different 
recipes were varied from each other in mesoscale. The variations in the 
starches were not very obvious for cakes with different recipes but the 
presence of lecithin appeared to assist in forming new cross-linking 
architectures with ester bonds. Starches from control and recipes with lecithin 
(R4, R6, R10 and R12) were revealed distinctive absorbance at about 1743 
cm-1, which was associated with stretching vibration of carbonyl groups in 
esters. In all, more similarities to the control group were observed in the 
eggless cakes in R4 (PPI + 1%SL) and R6 (PPI + 0.1%XN + 1%SL) with 
respect to the structures of starch molecules.  
On the other hand, the recipe of SPI + 1%MDG (R9) was found to mimic 
most of the structural properties of the gluten in the traditional cake. The 
gliadin aggregates were generally smaller in size, dominant in the range of 
100-200 nm. The relative secondary structure contents of glutenin showed no 
significant differences between R9 and control group, with about 50% β-
sheets, 37% helical structures and a little random-coils. In terms of the 
morphology of glutenins, they both had thin layers at about 7 nm in height and 
networking structures with less but larger porosities. The close relationship 
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between the conformational attributes was also confirmed by principal 
component analysis (PCA).  
However, the formulations need further optimisation to overcome the 
current shortcomings on the textural attributes. This also reflected on the 
difference on the structures in mesoscale, for example, the gliadin secondary 
structures. On the other hand, the correlation analysis demonstrated some 
relationships between the physicochemical and structural attributes, which 
also provided new insights into the interacting mechanisms in batter and cakes. 
Also, the impact to the gluten structures of each additive at different levels and 
the combination effects should be investigated, not only for the purpose of 
optimising the recipes, but revealing the trends and patterns. The exact 
mechanisms thus can be better understood in future study and the rheological 
properties of protein and starch could be highlighted to link the molecular 
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